Introduction
Highly substituted bicyclo[3.3.0]octanes (hydropentalenes) represent the core unit of several biologically active natural product families such as tetramic acid macrolactams containing, for example, cylindramide (1), 1,2 alteramide A (2), 3 geodin A (3), 4,5 and aburatubolactam A (4), 6, 7 or ptychanolides 5, 6 8,9 (Figure 1 ). Besides some initial experiments on the biological activity of these natural product classes, however, only limited systematic structure-activity relationship (SAR) studies have been carried out. The influence of the tetramic acid moiety on cytotoxicity and antimicrobial properties of macrocyclic acyltetramates has been investigated by Schobert. 11 Previously we aimed towards elucidation of the mode of action of cylindramide (1). 12 For this purpose a series of derivatives of 1, including analogues where a simple cyclopentane replaced the functionalized hydropentalene moiety, were prepared. A broad biological screening revealed promising antiproliferative activity against several tumor cell lines. The cytotoxicity of 1 was found to be calcium dependent and we observed vacuolisation and vesicle formation in the endoplasmic reticulum of PtK 2 (potoroo kidney) cells that were incubated with 1. A decrease of activity for the cyclopentane analogue of cylindramide (1) indicated that the activity is strongly correlated to the intact functionalized hydropentalene system.
SAR studies of substituted bicyclo[3.3.0]octanes, however, are rarely reported. Most of them focused on orally active PDE4 inhibitors, 13 carbacycline derivatives such as TXA 2 / PGH 2 receptor antagonists and prostaglandin analogues, 14 or mammalian squalene synthase inhibitors. 15 Therefore, we were motivated to investigate the biological properties of the hydropentalene subunit in more detail. Besides studying analogues of the core units of tetramic acid lactams we were interested in a more general insight into the biological properties of various functionalized bicyclo[3.3.0]octanes A-C. Our results are reported below.
Results and discussion

Chemistry
In order to supply compounds for SAR studies, a series of bicyclo[3.3.0]octanes was prepared from the easily accessible Weiss diketone (7a), 16 its dimethyl analogue 7b 16 and the known cylindramide core precursor 8 2b ( Figure 2 ) leading to derivatives of structural diversity. Numbering for NMR assignment. 
Biological studies -proliferation tests
The ability of the set of nearly 30 hydropentalene derivatives to inhibit the proliferation of various transformed cell lines including human tumor cell lines was investigated in an MTT assay. 22 The results are summarized in Tables 1 and 2 . propiolates 11a and 11b, the corresponding propionate 11c was completely inactive. We were worried that the cytotoxicity of the propiolate derivatives 11a,b might be due to a subsequent hydrolysis product generated by esterase activity rather than caused by 11a and 11b themselves. Therefore, the corresponding pentalene alcohol was studied in comparison (supplementary data), but no cytotoxicity was observed for the alcohol, indicating that indeed the intact ester seemed to be the active species. A similar effect was observed for unprotected ptychanolide derivatives 25a,b and their silyl-protected counterparts 25c,d (Table 2 , Entries 2-5). In order to study the influence of the silyl protecting group, the cytotoxic effect of O-silylated cyclopentanols [23] [24] [25] for the two cell lines was investigated. We observed an increased activity in the order of silyl protecting groups TBS < TIPS < TBDPS (Table 2 , Entries 8-11). 
Biological studies -target identification
Alkyne 11a and dihydropentalenedione 22 with the highest potency were selected for further biological studies. In order to get hints about the mode of action we employed a newly developed impedance profiling method which uses time-dependent impedance curves as a fingerprint for the mode of action. 26 In L-929 cell cultures that were incubated with 11a and 22, impedance was monitored over time ( Figure 3) . To further verify the effect of 11a and 22, tubulin polymerization assays were carried out in vitro ( Figure 6 ). The effect of 11a and 22 was compared to that of methanol and nocodazole, a known inhibitor of tubulin polymerization. 27 The basis of this assay is the incorporation of a fluorescent reporter into the developing microtubules. While nocodazole is only inhibiting the polymerization process, 11a and 22 induce a decrease in fluorescence. The effect of 22 was much stronger than that of 11a, which still allowed a delayed tubulin polymerization. We also checked for the influence of 11a and 22 on the F-actin cytoskeleton, the microfilaments ( Figure 7 ). Whereas compound 22 did not show a perturbing influence on the actin cytoskeleton ( Figure 7D ), this was indeed the case with 11a ( Figure 7C ). 
A B C D
For 11a, further studies were carried out that should possibly show co-localization with Factin. We used a "click chemistry" approach, which is based on a copper(I)-catalyzed azidealkyne cycloaddition (CuAAC) reaction. 28, 29 PtK 2 cells were treated with terminal alkyne 11a
(3 g mL -1 ) for 12 h and then fixed. The fixed cells were permeabilized with Triton X-100
and incubated with a click reagent mixture for 30 min. Further staining for F-actin was carried out using fluorescently labeled phalloidin which binds selectively to F-actin. A blue fluorescence was observed that was co-localized with the green phalloidin label depicting the microfilaments.
In order to check the effect of 11a on actin in vitro, a polymerization assay with pyrene muscle actin was carried out, wherein the environmentally sensitive fluorophore pyrene indicates the polymerization state of actin. Thus, an increase in fluorescence is directly proportional to an increase in F-actin. As shown in Figure 8 , an increase of the polymerization rate
was measured with increasing concentration of 11a. Fluorescence was monitored at 420 nm (excitation 360 nm).
Conclusions
We have synthesized a series of hydropentalene derivatives starting from hexahydro- 30.1 (C-3a', C-6a'), 30. 
(3aR,6aS)-5-{[tert-Butyl(diphenyl)silyl]oxy}octahydropentalen-2-yl propiolate (11b)
As described for 11a, from propiolic acid (130 L, 2.10 mmol), PPh 3 (551 mg, 2.10 mmol) 
(1R,3aS,4R,5R,6aS)-5-{[tert-Butyl(diphenyl)silyl]oxy}-4-methyl-1-(3-methylbut-2-enyl)hexahydropentalen-2(1H)-one (13d) and (1S,3aS,5R,6R,6aS)-5-{[tert-butyl(diphenyl)silyl]oxy}-6-methyl-1-(3-methylbut-2-enyl)hexahydropentalen-2(1H)-one (14d)
According to GP1 in ref. After complete conversion (GC control), a 1 M tris(hydroxymethyl)aminomethane hydrochloride solution (5 mL) was added (gas formation!). The bilayer system was warmed to room temperature and stirred for 30 min. The layers were separated and the aqueous layer was extracted with EtOAc (3  10 mL). The combined organic layers were dried (MgSO 4 ) and the solvent removed under vacuum. The residue was purified by chromatography on SiO 2 (hexanes/EtOAc, 4:13:12.5:1) to give 21a (14 mg, 15%), 21b (38 mg, 38%) and the respec-tive cis-compound (19 mg, 19% 7.36-7.49 (m, 4H, o-H), 7.42-7.46 (m, 2H, p-H), 7.66-7.71 (m, 4H, m-H) 96-4.00 (m, 2H, 4'-H, 5'-H), 7.36-7.40 (m, 4H, o-H), 7.41-7.44 (m, 2H, p-H), 7.66-7.72 (m, 4H, m-H) To a solution of toluene (5.00 mL), ethylene glycol (0.10 mL, 91 mg, 1.47 mmol) and pTsOH (13 mg, 0.07 mmol) was added 23a (140 mg, 0.74 mmol) and the reaction mixture heated at reflux for 7 h. After cooling to room temperature, a satd. NaHCO 3 solution (5 mL) was added and the layers were separated. The organic layer was washed with brine (4 mL) and then extracted with EtOAc (10 mL), dried (MgSO 4 ) and the solvent removed under reduced pressure. The residue was purified by preparative HPLC on a Kromasil column (250  20 mm, 5 m pore size; MZ Analysentechnik GmbH) with hexanes/EtOAc (4:1) to give 23b (100 mg, 0.44 mmol, 60%) as a yellow oil. R f 0.6 (hexanes/EtOAc, 1:1 
Cytotoxicity assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used to measure growth and viability of cells which are capable of reducing it to a violet formazan product. 60 µL of serial dilutions of the test compounds were added to 120 µL aliquots of a cell suspension (50 000 mL -1 ) in 96-well microplates. Blank and solvent controls were incubated under identical conditions for 5 d. MTT in phosphate buffered saline (PBS) (20 µL) was added to a final concentration of 0.5 mg mL -1 . After 2 h, the precipitate of formazan crystals was centrifuged, and the supernatant discarded. The precipitate was washed with PBS (100 µL) and dissolved in isopropanol containing 0.4% hydrochloric acid (100 µL). The microplates were gently shaken for 20 min to ensure a complete dissolution of the formazan and finally measured at 595 nm using an ELISA plate reader. All experiments were carried out in two parallel experiments. Activity values were calculated as the mean with respect to the controls set to 100%.
Click chemistry
PtK 2 cells (ATCC CCL-56) were grown in 750 µL medium in 4-well plates (Nunc) on glass coverslips, and incubated with 11a (3 µg mL -1 ) overnight. Cells were fixed with formalin (3.7%) for 10 min and permeabilized with 0.1% Triton X-100 for 5 min. Cells were blocked with 3% FBS in PBS at 37 °C for 5 min. The Click-iT cocktail was prepared as per the manufacturer's protocol just prior its usage and cells were incubated for 30 min. For colocalization studies, further staining was carried out for F-actin using Alexa Fluor 488 phalloidin (Ph488, 1:100 with 10% FBS, Molecular Probes), and mounted in ProLong Antifade Gold (Molecular Probes) without DAPI.
Impedance measurement profiling
The impedance of incubated cell cultures was monitored on a RT-CES system (xCelligence) from Acea Biosciences (Roche). The resulting impedance curves were used for a hierarchical cluster analysis of reference compounds together with compound of unknown mode of action. Co-clustering of the compound of unknown mode of action with reference compounds with known activity class label is used to predict the mode of action. The method was described previously. 
Tubulin polymerization assay
This assay was carried out according to manufacturer's protocol (Tubulin Polymerization Assay Kit, Catalog #: BK0011P; Cytoskeleton). Tubulin master mix was prepared which included buffer, glycerol, GTP stock (100 mM) and porcine tubulin (10 mg mL -1 ) according to the manufacturer's guidelines -all were provided in the kit. 5 µL of the compounds were added to 50 µL of tubulin mix in a 96-well plate which was immediately placed in a thermoregulated fluorimeter maintained at 37 °C. Fluorescence was measured for about an hour at 460 nm (excitation: 340 nm).
Actin polymerization assay
This assay was carried out according to manufacturer's protocol (Actin Polymerization Biochem Kit, Catalog #: BK003; Cytoskeleton). According to the manufacturer's guidelines buffer and actin were prepared. The actin stock was added to a 96-well plate and fluorescence was read at 410 nm (excitation: 360 nm) for 3 min for a baseline reading. After 3 min test compounds (20 µL) were added and read for another 20 min. This was followed by addition of 10X actin polymerization buffer and readings were taken for an hour.
